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J£J ■ Abstract 

We discuss flavor mixing and resultant flavor changing neutral current processes in 
the SU(3) (g) 5*?7(3) co i or gauge-Higgs unification scenario. To achieve flavor violation is a 
challenging issue in the scenario, since the Yukawa couplings are originally higher dimen- 
sional gauge interactions. We argue that the presence of Z 2 -odd bulk masses of fermions 
^ ■ plays a crucial role as the new source of flavor violation. Although introducing brane- 

localized mass terms in addition to the bulk masses is necessary to realize flavor mixing, if 
the bulk masses were universal among generations, the flavor mixing and flavor changing 
neutral current processes are known to disappear. We also discuss whether natural flavor 
conservation is realized in the scenario. It is shown that the new source of flavor violation 
leads to flavor changing neutral current processes at the tree level due to the exchange 
of non-zero Kaluza-Klein gauge bosons. As a typical example we calculate the rate of 
K° — K° mixing due to the non-zero Kaluza-Klein gluon exchange at the tree level. The 
obtained result for the mass difference of neutral kaon is suppressed by the inverse powers 
of the compactification scale. By comparing our prediction with the data we obtain the 
lower bound of the compactification scale as a function of one unfixed parameter of the 
theory, which is of O(10) TeV, except for some extreme cases. We argue that the reason 
to get such rather mild lower bound is the presence of "GIM-like" mechanism, which is a 
genuine feature of GHU scenario. 



1 Introduction 

In spite of the great success of the standard model, the mechanism of spontaneous gauge 
symmetry breaking is still not conclusive. Higgs particle, responsible for the spontaneous 
breaking seems to have various theoretical problems, such as the hierarchy problem and 
the presence of many arbitrary coupling constants of its interactions. 

Gauge-Higgs unification (GHU) [1, 2, 3] is one of the attractive scenarios solving the 
hierarchy problem without invoking supersymmetry. In this scenario, Higgs doublet in 
the Standard Model (SM) is identified with the extra spatial components of the higher 
dimensional gauge fields. Remarkable feature is that the quantum correction to Higgs 
mass is insensitive to the cutoff scale of the theory and calculable regardless of the non- 
renormalizability of higher dimensional gauge theory, which is guaranteed by the higher 
dimensional gauge invariance. This fact has opened up a new avenue to the solution of 
the hierarchy problem [4]. The finiteness of the Higgs mass has been studied and verified 
in various models and types of compactification at one-loop level 1 [5] and even at the two 
loop level [7]. 

The fact that the Higgs is a part of gauge fields indicates that the Higgs interactions 
are basically governed by gauge principle. Thus, the scenario may also shed some light 
on the long standing arbitrariness problem in the interactions. 

To see whether the scenario is viable, it will be of crucial importance to address the 
following questions. 

(1) Does the scenario have characteristic and generic predictions on the observables subject 
to the precision tests ? 

(2) Though there is a hope that the problem of the arbitrariness of Higgs interactions 
may be solved, how are the variety of fermion masses and flavor mixing realized ? 

(3) In view of the fact that Higgs interactions are basically gauge interactions with real 
gauge coupling constants, how is the CP violation realized ? 

Let us note that the problems (2) and (3) are also shared by superstring theories, 
where the low energy effective theory, i.e. the point particle limit, of the open string 
sector is (10-dimensional) super Yang-Mills theories, which can be regarded as a sort of 
GHU. 

Concerning the issue (1), it will be desirable to find out finite (UV- insensitive) and cal- 
culable observables subject to the precision tests, although the theory is non-renormalizable 
and observables are very UV-sensitive in general. Works from such viewpoint already have 
been done in the literature, [8], [9], [10]. The issue (3) has been addressed in recent papers 
[11], [12], where CP violation is claimed to be achieved "spontaneously" by the VEV of 
the Higgs field or by the geometry of the compactified extra space. 

In this paper, we focus on the remaining issue (2) concerning flavor physics in the 



1 For the case of gravity- gauge-Higgs unification, see [6] 



GHU scenario. Let us note that it is highly non-trivial problem to account for the variety 
of fermion masses and flavor mixings in this scenario, since the gauge interactions are 
universal for all generations of matter fields, while (global) symmetry among generations, 
say flavor symmetry, has to be broken (flavor violation) to distinguish each flavor and to 
get their mixings. 

A genuine feature of the higher dimensional theories with orbifold compactification is 
that the gauge invariant bulk mass terms for fermions, generically written as Me{y)ipip 
with e(y) being the sign function of extra space coordinate y, are allowed. The bulk 
masses may be different depending on each generation and can be an important new 
source of the flavor violation. The presence of the mass terms causes the localization of 
Weyl fermions in two different fixed points of the orbifold depending on their chiralities 
and the Yukawa coupling obtained by the overlap integral over y of the mode functions 
of Weyl fermions with different chiralities is suppressed by a factor 2irRMe~ nRM (R : 
thesizeoftheextraspace). Thus observed hierarchical small fermion masses can be achieved 
without fine tuning thanks to the exponential suppression factor Q~ nRM . 

One may expect that the bulk masses need not to be diagonal in the base of gen- 
eration and lead to the flavor mixing. Unfortunately, it is not the case: for each rep- 
resentation R of gauge group, ip(R), the bulk mass terms are generically written as 
M(R)ije(y)ip(R)iip(R)j (i,j : generation index) by use of hermitian matrix M(R)ij, which 
can be diagonalized by a suitable unitary transformation keeping the kinetic terms un- 
touched. So the fermion mass eigenstates are essentially equal to gauge (weak) eigenstates 
and the flavor mixing may not occur in the bulk space. We are thus led to introduce a 
brane localized interaction to achieve the flavor mixings as was proposed in [13]. The 
brane localized interaction results in a discrepancy between mass eigenstates and gauge 
eigenstates. It is interesting to note that though the brane localized interaction contains 
theoretically unfixed parameters behaving as the source of flavor mixing, the bulk masses 
still play important roles. Namely as we will see below, in the limit of universal bulk 
masses among generations the flavor mixing exactly disappears, basically because in this 
limit there is no way to distinguish each generation of bulk fermions. Thus the interplay 
between brane localized interaction and bulk mass is crucial to get flavor mixing. This is 
a remarkable feature of the GHU scenario, not shared by, e.g., the scenario of universal 
extra dimension where flavor mixing may be caused by Yukawa couplings just as in the 
standard model, irrespectively of bulk masses. 

Knowing that the flavor mixing is realized it will be important to discuss flavor chang- 
ing neutral current (FCNC) processes, which have been playing a crucial role for the check 
of viability of various new physics models, as is well-known in the case of supersymmetric 
models. A central issue is whether "natural flavor conservation" is realized, i.e. whether 
FCNC processes at tree level are "naturally" forbidden in the GHU scenario. In ordinary 
four- dimensional framework, there exists a useful condition discussed by Glashow and 



Weinberg [14] to ensure the natural flavor conservation: fermions with the same electric 
charge and the same chirality should possess the same quantum numbers, such as the 
third component of weak isospin I3. We find if we restrict ourselves to the pure zero mode 
sector with light masses, the condition is satisfied and there is no FCNC process at the 
tree level, which may be a natural consequence since our model reduces to the standard 
model at low energies. However, as a new feature of higher dimensional model, in the 
low energy processes of zero mode fermions due to the exchange of non-zero Kaluza-Klein 
(KK) modes of gauge bosons the FCNC processes are known to be possible already at the 
tree level, even though the amplitudes are suppressed by the inverse powers of compact- 
ification scale due to the decoupling of heavy gauge bosons. This fact is caused by the 
generation-dependent bulk masses of fermions, which is a new source of flavor violation, 
not considered in the argument of Glashow- Weinberg [14]. Such bulk masses cause non- 
trivial profiles in the extra space for the mode functions of fermions and together with 
the oscillatory mode functions of non-zero KK gauge bosons the overlap integrals of mode 
functions lead to non-universal (generation-dependent) couplings of the massive gauge 
bosons. Let us note in the case of zero mode gauge bosons, the couplings are inevitably 
universal simultaneously with the normalization of kinetic terms of fermions. 

In our paper, such general argument is confirmed in a typical concrete example of 
FCNC process, K° — K° mixing. What we calculate is the dominant contribution to 
the process, the tree diagram with the exchange of non-zero KK gluons. Comparing the 
obtained finite contribution to the mixing with the experimental data, we put the lower 
bound on the compactification scale. 

This paper is organized as follows. In the next section, we introduce our model and 
discuss the mass eigenvalues and mode functions of fermions. In section 3, we perform 
a general analysis how the flavor mixing is realized in our model. In section 4, as an 
application of our results in section 3, we calculate the mass difference of neutral kaons 
caused by the K° — K° mixing via non-zero KK gluon exchange at the tree level. We also 
obtain the lower bound for the compactification scale, by comparing the obtained result 
with the experimental data. Our conclusions are given in section 5. 

2 The Model 

We consider a five dimensional S U (3) ®SU (3) co \or GHU model compactified on an orbifold 
S 1 /Z 2 with a radius R of S 1 . The SU(3) unifies the electro-weak interactions SU(2)®U(1). 
As matter fields, we introduce n generations of bulk fermion in the fundamental repre- 
sentation and the (complex conjugate of) second-rank symmetric tensor representation of 
SU(3) gauge group, ^(3) = Q\ cf and ^(6) = E i © Q\ © u 1 (i = 1, 2, . . . , n), which 
contain ordinary quarks of the standard model in the zero mode sector, i.e. a pair of 
SU(2) doublet, Q\ and Ql, and SU{2) singlets, d i and u\ ^'(6) also contain SU{2) 



triplet exotic states S* [13]. 

The bulk Lagrangian is given by 
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The gauge fields Am and Gm are written in a matrix form, e.g. Am = A M ^- in terms 
of Gell-Mann matrices A a . It should be understood that Am in the covariant derivative 
Dm = 9m — igAM — WsGm acts properly depending on the representations of the fermions 
and Gm acts on the color indices. M,N = 0, 1,2,3,5 and the five dimensional gamma 
matrices are T M = (7^, ry 5 ) (/x = 0, 1, 2, 3). g and g s are five-dimensional gauge coupling 
constants of SU(3) and SU(3) co \ or , respectively. M l are Z 2 -odd generation dependent 
bulk masses of the fermions with e(y) = 1 and —1 for y > and y < 0, respectively. 

The periodic boundary condition is imposed along S l and Z2 parity assignments are 
taken for gauge fields as 
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where (+,+) etc. stand for Z2 parities at fixed points y — 0, ttR. We can see that the 
gauge symmetry SU(3) is explicitly broken to SU(2) x U(l) by the boundary conditions. 
The fermions are assigned the following Z 2 parities with all colors having the same parity: 

{q\ l (+, +) + Qi R (- -)) © (di(- -) + 4(+, +)) , 



**(3] 



**(8) = (Ei(-, -) + S^(+, +)) © (g' 6L (+, +) + Qi R (- -)) © (4(- -) + <(+, +)) . 

(2.6) 

Thus a chiral theory is realized in the zero mode sector by Z 2 orbifolding. 

Let us derive fermion mass eigenvalues and mode functions necessary for the argument 
of flavor mixing. 

The fundamental representation if} 1 (3) is expanded by an ortho- normal set of mode 
functions as follows: 
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where the mode functions are given in [11]: S n (y) = -7= sm(M n y) and 
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with M n = n/R, m l n = ^/(M 1 ) 2 + M%. The mode functions in the first line are those for 
the zero modes, and those in the second and the third lines are for non-zero KK modes. 
We can see that before the spontaneous electroweak symmetry breaking the fermion mass 
terms are diagonalized by use of these mode functions: 

r nR °° 
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In the second line, a chiral rotation Q3 — > e l ^" fs Q 1 ^ n is performed. 

The second-rank symmetric tensor representation 6 in a matrix form can be decom- 
posed into three different SU(2) x U(l) representations as follows: 
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where ia 2 denotes an SU(2) invariant anti-symmetric tensor (W 2 ) = e a/3 . Each compo- 
nent is expanded by the same mode functions as in the fundamental representation: 



2.13) 



71=1 

00 

Ql = QLfM + E [Ql { Lfi n \y) + cfflsniv) 

n=\ 

00 

«* = <f R (y) + E [4 n) /2 n) (y) + «2 n) /? n) (v)" 

71=1 

The mass terms of ip(6) are also diagonalized, ignoring the VEV of A y : 

00 
Tr^(6)(ir 5 <9 5 - Are(y))^(6) = -J^m^Tr £*(»)£*(») + Q 6 W Q 6 (n) + ^ n V (n) ] (2.14) 



71=1 
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where a chiral rotation Qg"' 1 — > e 4 ^ 7 Q 6 is performed. 

We notice that there are two massless quark doublets Q^l and Qql per generation in 
this model. In a simplified one generation case, for instance, one of two independent linear 



combinations of these doublets should correspond to the ordinary quark doublet of the 
standard model, but another one is an exotic state. Moreover, we have an exotic fermion 
E#. We therefore introduce brane localized four dimensional Weyl spinors Qr and xl to 
form £77(2) x 17(1) invariant brane localized Dirac mass terms in order to remove these 
exotic massless fermions from the low-energy effective theory. 

Til' 
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where Q R and xl behave as doublet and triplet of £77(2) respectively. The n x n matrices 
rjij, Xij and ttibm are mass parameters. These brane localized mass terms are introduced 
at opposite fixed points such that Qr(xl) couples to Qs^lC^r) localized on the brane 
at y = (y = irR). Let us note that the matrices r]ij,\ij can be non-diagonal, which 
becomes the origin of the flavor mixing [13]. 

Some comments on this model are in order. The predicted Weinberg angle of this 
model is not realistic, sin 2 6\y = 3/4. Possible way to cure the problem is to introduce 
an extra U(l) or the brane localized gauge kinetic term [15]. However, the wrong Wein- 
berg angle is irrelevant to our argument, since our interest is in the flavor mixing and 
resultant K° — K° mixing via KK gluon exchange in the QCD sector, whose amplitude 
is independent of the Weinberg angle. 

Second, the bulk masses of fermions are generation-dependent, but are taken as com- 
mon for both ip l (3) and ip l (6). In general, the bulk masses of each representation are 
arbitrary and there is no reason to take such a choice. It would be a natural choice if we 
have some Grand Unified Theory (GUT) where the 3 and 6 representations are embedded 
into a single representation of the GUT gauge group. 2 

3 Flavor mixing 

As we noticed in the introduction, the flavor mixing does not occur in the bulk since the 
weak eigenstate is essentially equal to the mass eigenstate due to the fact that Yukawa 
coupling is originated from the gauge coupling. Then the argument in the previous section 
suggests that the brane localized mass terms for the doubled doublets Q 3 l and Q QL may 
lead to the flavor mixing. We now confirm the expectation and discuss how the flavor 
mixing is realized in this model. Let us focus on the sector of quark doublets and singlets, 
which contain fermion zero modes. First, we identify the quark doublet of the standard 



2 For instance, if we consider the following gauge symmetry breaking pattern Sp(8) — > Sp(6) x SU{2) — ► 
SU(3) x E/(l) x SU(2), then we find that 3 and 6 of SU(3) can be embedded into the adjoint representation 
36 of Sp(8) [16]. This is because the adjoint representation is decomposed as follows; 36 — > (1,3) © 
(21, 1) © (6, 2) -> (1, 3) © (1 © 6 © 6 © 8, 1) © (3 © 3, 2). 



model by diagonalizing the relevant brane localized mass term, 
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In eq. (3.1), ///l(0) is an abbreviation of a n x n matrix whose (i,j) element is given by 
VijfLifyi f° r instance. U 3 , U4 are nx n matrices which compose a In x 2n unitary matrix 
diagonalizing the brane localized mass matrix. The eigenstate Qn becomes massive and 
decouples from the low energy processes, while Qsm remains massless at this stage and 
therefore is identified with the quark doublet of the standard model. Ui, ■ • ■ ,U± satisfy 
the following unitarity condition: 
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After this identification, we find Yukawa couplings are read off from the higher dimensional 
gauge interaction of A y , whose zero mode is the Higgs field H{x): 
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which behaves as 2nRM l e~ nRMl for ttRM 1 ^> 1, thus realizing the hierarchical small 
quark masses without fine tuning of M % . We thus know that the matrices of Yukawa 
coupling g$Y u and g^Xd are given as 

gi Y u = V2gJ^ ] U 4 , g,Y d = gJ^U 3 , (3.7) 



where the matrix I RL ' has elements (I R l) ■■ = S^Irl ■ These matrices are diagonalized 
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by bi-unitary transformations as in the Standard Model and Cabibbo-Kobayashi-Maskawa 
matrix is defined in a usual way. 
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where all the quark masses are normalized by the W-boson mass asm/ = — -. A re 
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markable point is that the Yukawa couplings g^Y u and g^Yd are mutually related by the 
unitarity condition eq. (3.4), while those in the Standard Model are completely indepen- 
dent. Thus if we set bulk masses of fermion to be universal among generations, i.e. 
M 1 = M 2 = M 3 = • ■ ■ = M n , then I RL is proportional to the unit matrix. In such a 
case, Y£Y u oc U a Ua and YjYd oc C/3C/3 can be simultaneously diagonalized because of the 
unitarity condition eq. (3.4). This means that the flavor mixing disappears in the limit of 
universal bulk masses, as was expected in the introduction. In reality, off course the bulk 
masses should be different to explain the variety of quark masses and therefore the flavor 
mixing should be realized. 

For the illustrative purpose to confirm the mechanism of flavor mixing, let us work in 
a framework of two generations. We will see how the realistic quark masses and mixing 
are reproduced. The argument here will be useful also for the calculation in the next 
section. For simplicity, we ignore CP violation and assume that C/3, C/4 are real. By 
noting that an arbitrary 2x2 matrix can be written in a form OiM$ Lag 02 in terms of 2 
orthogonal matrices 0\$ and a diagonal matrix Mdi ag and by use of unitarity condition 
(3.4), U\\Jz + U\Ua = 1-2x2, the matrices relevant for the Yukawa couplings are known to 
be parameterized as 
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The most general forms of U% and U4 have a common orthogonal matrix multiplied from 
the right, being consistent with (3.4). The matrix can be absorbed into a rotation among 
degenerate doublets of the standard model Qsml and has no physical meaning. In another 
word, the common orthogonal matrix can be absorbed into VdL, VuL without changing 
Vckm- Thus, without loss of generality we can adopt the parametrization (3.9). 

Physical observables m u ,m c ,rhd,m s and the Cabibbo angle 9 C are written in terms of 
a, b, c, d and 9, 9' . Namely trivial relations 

det(y]y d ) = m 2 d m 2 , det(Y^Y u ) = m 2 u m 2 c , (3.11) 
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provide through eqs. (3.7), (3.8), (3.9), (3.10) with 
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We also note that the 9 C is given as 
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a 2 (c 2 cos 2 9' + d 2 sin 2 0') - 6 2 (c 2 sin 2 9> + rf 2 cos 2 9') ' 

where angles 6^, 9 uL are angles parameterizing V^l, V u l, respectively. Let us note 5 
physical observables are written in terms of 6 parameters, a, b, c, d and 9, 9'. So our theory 
has 1 degree of freedom, which cannot be determined by the observables. Let us choose 
9' as the unfixed parameter. Then once we choose the value of 9', other 5 parameters 
can be completely fixed by the observables, by solving eqs. (3.13), (3.14), (3.15), (3.16), 
(3.17), (3.18) and (3.19) numerically for a,b,c,d and 9. The result is shown in Table 1. 
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Table 1: Numerical result for the relevant parameters fixed by quark masses and 

Cabibbo angle. 

Thus we have confirmed that observed quark masses and flavor mixing angle can be 
reproduced in our model of GHU. Let us note that in eq. (3.17) 9 C disappears in the limit 
of universal bulk mass, i.e. M 1 = M 2 and therefore c = d, as is expected. 
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Some comments are in order. One might think that the above analysis of the diagonal- 
ization of fermion mass matrices restricting only to the zero mode sector is not complete, 
since it ignores possible mixings between zero mode and massive exotic states and the zero 
mode and non-zero KK modes given in section 2 may mix with each other to form mass 
eigenstates once the VEV (A y ) is switched on. (Let us recall that the standard model 
quark doublets do not mix with brane localized fermion by construction.) Such mixings, 
however, are easily known not to exist in the limit of vanishing VEV, (A y ) = 0. Hence, 
even in the presence of the VEV such mixings will be suppressed by the small ratios of 
the VEV to the compactification scale or large brane localized masses. Therefore, our 
analysis is a good approximation at the leading order. 

Introducing the source of flavor mixing in the brane localized masses has already been 
considered in [17], for instance. The difference between their model and ours is that in 
our model the interplay with the bulk masses and the Yukawa couplings in the bulk is 
crucial, while the flavor mixing is put by hand in ref. [17], since Yukawa coupling is not 
allowed in the bulk in the model. 



4 K° — K° mixing 



In this section, we apply the results of the previous section to a representative FCNC 
process due to the flavor mixing, K° — K° mixing, responsible for the mass difference of 
two neutral kaons Amx- 

As we have discussed in the introduction, in our model natural flavor conservation 
is not realized, i.e. FCNC processes are possible, already at the tree level. We restrict 
ourselves to the FCNC processes of zero mode down-type quarks due to gauge boson ex- 
change at the tree level. First let us consider the processes where zero mode gauge bosons 
are exchanged. If such type of diagrams exist with a sizable amplitudes, it may easily spoil 
the viability of the model. Concerning the zero mode gauge boson exchange, the gauge 
couplings are universal for fermions including non-zero KK modes, i.e. they are genera- 
tion independent and depend just on the relevant quantum numbers such as I3, since the 
mode function of the zero mode gauge boson is ^-independent and the couplings become 
universal simultaneously with the normalization of kinetic term of fermions. Thus in this 
case the condition proposed by Glashow- Weinberg [14] is applicable straightforwardly. At 
the first glance, the condition of Glashow- Weinberg seems to be not satisfied in our model, 
since there are right-handed down-type quarks belonging to different representations, i.e. 
quarks belonging to ijj{2>) and ip(6) of SU(3). Then the Z boson exchange seems to yield 
FCNC. Fortunately, however, the down-type quarks belonging to ip(6) (more precisely 
E*) is known to have the same quantum number I 3 as that of d l belonging to "0(3), and 
FCNC does not arise even after moving to the mass eigenstates. The exchanges of zero 
mode photon and gluon trivially do not possess FCNC. 
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Hence, the remaining possibility is the process with the exchange of non-zero KK 
gauge bosons. Now the mode functions of these gauge bosons are y-dependent and their 
couplings with fermions are no longer universal. Namely the different bulk mass of fermion 
for each generation is a new source of flavor violation and the coupling constants in the 
effective four-dimensional lagrangian become generation- dependent, thus leading to FCNC 
after moving to the mass eigenstates. 

Along this line of argument, we study K° — K° mixing caused by the non-zero KK 
gluon exchange at the tree level, as the dominant contribution to this FCNC process. 

For such purpose, we derive the strong interaction vertices: restricting to the zero 
mode sector of down-type quarks and integrating over the fifth dimensional coordinate y, 
we obtain the relevant four-dimensional interactions: 



+ f ^{4AV44£" 0) + (-V m (QlL^Ql L + Qk^Qk)4T 0) 

D ^J^ G ^VA a 4 + kx v<? L ) 

+ l^iAV^C-l)"^^^^^ + Vj L Ull^ 0) U,V dL ) .. (4.1) 

where I RR is a matrix with the element 5ijI RR m , where "vertex function" 

where the mode expansion of gluon 

1 °° 1 

G,(x, y) = - 7 ==G, + J2 H=^ G i l) cos (M ^ } (43) 



VZttR ^ VttR 



n=l 



i(OmO) 



has been substituted. Let us note that the vertex functions for left-handed quarks / LL 
is related to I RR as /^^ = (— l) m I RR m , since the exchange of chiralities corresponds 
to the exchange of two fixed points. In eq. (4.1), d denotes mass eigenstates, (d 1 ,^ 2 ) = 
(d, s) . The derivation of the last line of the equation is easily understood, since Q 3 l ~ 
U 3 Qsml, Q&l ~ U a Qsml ignoring Q nL and Q\ UL = (V L ,cf L ), (d\, d 2 L ) = VdL^.d 2 ) . 

We can see from (4.1) that the FCNC appears in the couplings of non-zero KK gluons 
due to the fact that I RR is not proportional to the unit matrix (the breaking of univer- 
sality), while the coupling of the zero mode gluon is flavor conserving, as we expected. 

The Feynman rules necessary for the calculation of K° — K° mixing can be read off 
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from (4.1). 



dn s R 

Gl 



2 V dRRR -J 21 



W , ^)..AYi? (4.4) 






f (-l) m (vl L U^ 0) U 3 V dL + Vj L Ull^U 4 V dL ) 2i \«YL 



dh s L 



(4.5) 

Qa(m) Qb{m') V u / \ 

^00000000000; = $rnm>$ab T5rZTf2 ( '* Hooft-Feynman gauge J (4.6) 

The non-zero KK gluon exchange diagram, which gives the dominant contribution to the 
process of K° — K° mixing, is depicted in Fig. 1. The reason why its contribution is 
dominant is that the diagram yields effective four-Fermi operator, which is product of 
left-handed and right-handed currents. Let us note that in the standard model the 1-loop 
box diagram yields four-Fermi operator, which is product of pure left-handed currents. 
Thus in the case of the standard model to form a pseudo-scalar state, the neutral K 
meson, from d and s, chirality flip is needed and the amplitude is suppressed by small 
current quark masses. On the other hand, the four-Fermi operator of our interest has 
both left-handed and right-handed quarks and the amplitude is not suppressed by small 
quark masses. This means the amplitude is relatively enhanced compared to the case of 
the standard model with an "enhancement" factor m . K , as we will see below. 

m d +m s ' 

One may wonder whether the exchange of extra space component of gluon, Gy , also 
gives similar contribution with the enhancement factor, since scalar-type coupling causes 
chirality flip. We, however, find the contribution is relatively suppressed by small masses 
of external quarks m q {m q = m^ m s ). Let us note that the zero mode of Gy (m = 0) 
is "modded out" by orbifolding and non-zero KK modes of Gy (m ^ 0) are absorbed 
as the longitudinal components of massive gluons G^ through Higgs-like mechanism. 
In the unitarity gauge, the contribution of such longitudinal components are taken into 
account by adding to the propagator eq.(4.6) a piece proportional to -jfr? 1 , where fe„ is the 
momentum transfer. By use of equations of motion for external quarks, its contribution 

2 

to the amplitude is relatively suppressed by a factor -^ = 0(m%R 2 ) and we can safely 
neglect the contribution of Gy exchange. 

By noting the fact k 2 <C M 2 for n^O, the contribution of diagram of Fig. 1 is written 
in the form of effective four-Fermi lagrangian obtained by use of Feynman rules listed 
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Figure 1: The diagram of K° — K° mixing via KK gluon exchange 



above, 



- SL °° ,2 



C? G " Z^T^fa - I dL 3 RR U3VdL+V dL U 4 1 RR UiV dL \ 
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x(KL/^ V d H) 2i (lxAV^)(^A a 7^) • (4.7) 

The sum over the integer m is convergent and the coefficient of the effective lagrangian 
(4.7) is suppressed by 1/M 2 , where M c = \jR is the compactification scale: the decoupling 
effects of non-zero KK gluons. We can verify utilizing the unitarity condition that the 
coefficient vanishes in the limit of universal bulk masses M 1 = M 2 = ■ ■ ■ and therefore 
when I R ft is proportional to the unit matrix, as we expect since in this limit flavor 
mixing just disappears; 



vL{ulitS"% + uli^u t )v dL ^!^, vJ L (ulu 3 + u\u t )v dL i^ « i 



nxn j 



V dR 1 RR V dR > V dRV d R 1 RR ^ l nxn ■ 

(4.8) 
The relevant hadronic matrix elements are written by use of the "bag parameters" B^ B 5 , 
which denote the deviation from the approximation of vacuum saturation and whose 
numerical results are obtained by lattice calculations B 4 = 0.81, B 5 = 0.56 [18]: 

{K\s a YLd a -s pl ,Rd p \K) « ^ ( m f ) f K m K , (4.9) 

Xl ' ' 6 \m d + m s J 

{K\-s a ^Ldp-s pl ,Rd a \K) « ^±( mK ) f K m K , (4.10) 

1 ' 2 \m d + m s J 

where a,/3 are color indices and /#(— 1.23/V) is the kaon decay constant. rriK, Tn d , rn s 

denote the kaon mass and the current quark masses of down and strange quarks. Note 

that the color indices are contracted in different ways in these two matrix elements. Only 

the terms with the chiral enhancement factor are left in the above expressions. Using 

these results, the hadronic matrix element of the effective four- Fermi operator is obtained 

as 

-(K\s\ a ^Ld ■ s\ a lfl Rd\K) 

1 _ , l-i 

= —~(K ISaLl^da • S0R^d^ R \K) + -{K\S aL Ydp L ■ S^R'Jf.daRlK) 
E± - El) ( mK V f 2 

4 3Qj\m d + m s J fl<mK ' 
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Thus the contribution of KK gluon exchange to Kl — K$ mass difference is given as 



Am K (KK) = 2{K\C*i= 2 \K) 

x (vl L UUSn 0) U 3 V dL + Vi^/iT^^) (^/SrV^) (4.11) 

So far the obtained results for K° — K° mixing and Am^(KK) are valid for an arbi- 
trary number n of generations. From now on we focus on the simplified two generation 
scheme in order to estimate the mass difference. It would be more desirable to discuss 
the FCNC process in the full three generation scheme. We, however, realize that in the 
standard model the first two generations give important contributions to the CP conserv- 
ing observable Am^. So, we expect that our analysis gives a reasonable result. We thus 
obtain 



m=l 



where the ordinary four-dimensional a s is defined by a s = ^ ' = ^h f 8 - • The coefficient 
A in (4.12) is defined as follows: 

A = {vJ L (ul^U 3 + ul^U A y dL ] (y ] dR ^V dR ) = sm9 d cos9 d (a + a'), 

1 1 

a = — (l-a 2 )sin2# dL cos 2 # + -(l-& 2 )sin2# (iL sin 2 # 

- - v/(l-a 2 )(l-6 2 ) cos 29 dL sin 29, 

a' = — a 2 sin 29 dL cos 2 9' + -b 2 sin 29 dL sin 2 9' - -ab cos 29 dL sin 29' , (4.12) 

where a 3 is one of Pauli matrices and 9 d is an angle in the rotation matrix V d R to diago- 
nalize I^U 3 U^: 

2{b 2 — a 2 )cd sin 9 cos 9 
d ~ c 2 {(l - a 2 ) cos 2 9 + (1 - b 2 ) sin 2 9} - d 2 {{\ - a 2 ) sin 2 9 + (1 - b 2 ) cos 2 9} ' 

The constant a s should be estimated at the scale fix = 2.0 GeV where the AS = 2 
process takes place. The reason is that the bag parameters in [18] are those estimated at 
the scale of /j,k- So we have to take into account the renormalization group effect from 
the weak scale, where a s is known rather precisely, down to fix'- 

a; 1 (fi K ) = a; 1 (m z ) + ^-[23\n— + 251n— ) -^ a s (fi K ) « 0.268 (4.13) 

6ir\ m b n K J 

where a s {m z ) ~ 0.118 has been put. 
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Combining these results, we finally obtain 

00 (—i) m / 
Am x (KK) ~ 2.09 x 10 4 • (Rf n ) 2 sin 29 d (a + a') nR V i— f- / 



l(OmO) r 2(0m0) 



l RR 



m=l 



[MeV]. 

(4.14) 

The room for the "New Physics" contribution Amj<-(NP) is given by the difference between 
the experimental data and the standard model prediction [19], [20]: 



\Am K (NP)\ = lAmx(Exp) - Am K (SM)\ 



7 



6 6 



ArnR-(Exp) 



< -Am^(Exp) = - ■ 3.48 x 10~ 12 [MeV] 
6 6 



(4.15) 



Identifying Amx(NP) with our result Am#(KK), we obtain a lower bound for the com- 
pactification scale. Namely, 



R 



> 1.77 x 10' 



\ 



sm29 d (a + a') 7rR^2 



(— 1) •-/ l(OmO) _ ,-2(07110) 



m=l 



m" 



RR 



l RR 



[TeV] . (4.16) 



Since our theory has one unfixed parameter, say 6', the lower bound depends on it. 
The obtained result is given in Fig. 2, where the lower bound on i? _1 is plotted as a 
function of 9'. If we demand that the prediction of our model is consistent with the data 
on ArriK, irrespectively of the choice of 9', we should require that compactification scale is 
greater than the possible largest value in Fig. 2, i? _1 > 20 TeV. We, however, also would 
like to point out that in most cases, except for the extreme case | sin#'| ~ 1, the obtained 
lower bound is rather mild, e.g. 2.1 TeV for 9' = 0. As we discuss below, this is a genuine 
feature of GHU scenario. 



20 



15 



1 1 1 1 1 1 1 r 




Figure 2: The lower bound on -5 as a function of sin 9'. 
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A few comments are in order. Fig. 2 indicates that the lower bound becomes for a 
special case sin ff ~ 0.66. What is happening in this situation is that 9 = O^l = ®d — and 
the contribution of KK gluon exchange accidentally vanishes. As the matter of fact, in this 
specific case the 4- Fermi interaction with the product of currents with the same chirality, 
L-L or R-R, induced by the KK gluon exchange becomes dominant contribution. The 
allowed lower bound on R~ x due to this kind of processes is expected to be mild, since the 
hadronic matrix elements of the 4- Fermi operators have no chiral enhancement factor and 
therefore the obtained bound is expected to be smaller by factor md+ms ~ 0.21 compared 
to the bound obtained in the case of 4-Fermi operator of the type L-R, considered in this 
paper. Even if we take the most stringent lower bound 20 TeV in the case of L-R as a 
reference value, the corresponding bound in the case of the same chirality will be 4 TeV. 

Another comment is that, let us emphasize the presence of "GIM-like" mechanism 
in GHU scenario, which turns out to exist in the tree level diagram due to KK gluon 
exchange. Note that the lower bound obtained above is smaller (except the extreme cases 
of | sin#'| ~ 1) than what we naively expect assuming that the vertex of the tree level 
diagram relevant for the FCNC process is of the order G(sm 9 C cos 9 C ). Namely, if we write 
the Wilson coefficient of the four-Fermi operator (the ordinary V — A type is assumed ) 
generically in a form 

(sin0 c cos0 c )2 



M 2 
the lower bound for the mass scale is obtained by comparing with the data: 

-^ < 10" 5 [TeV~ 2 ] — ► M > 300 [TeV] , (4.18) 

which is much larger than the lower bound we obtained in most cases of the choice of 6'. 

This apparent discrepancy may be attributed to the GIM-like mechanism in our sce- 
nario, which we will see now. As has been already pointed out, the genuine feature of 
GHU scenario is that the non-universal bulk masses is a new source of flavor violation and 
FCNC processes at tree level is handled by the difference of bulk masses. In fact, the rate 
of K° — K° mixing is handled by the factor (/## — Irr 1 ) as is seen in (4.14), which 
is due to the non-universality of gauge coupling of KK gluons coming from the difference 
of bulk masses (M 1 ^ M 2 ) . We easily see that this factor is automatically suppressed 
for generations with light quarks, such as 1st and 2nd generations. 

Recall that in GHU hierarchical small quark masses are naturally realized without fine 
tuning by exponential suppression factors e~ nRMl coming from I^ L . On the other hand, 
when ttRM 1 S> 1, the "width" 1/M 1 of the mode function of localized zero- mode fermion 
is much smaller than the period ^^ of mode function cos(^y) of KK gauge bosons. 
(Note that smaller KK modes m play potentially important role in the convergent mode 
sum Y2m-) Then the exponential dumping of the fermion mode functions is so fast that 
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the mode functions of KK gauge bosons are effectively almost y-independent. Thus the 
situation mimics that in the case of zero-mode gauge boson and the gauge coupling of 
KK gauge bosons becomes almost universal: in the limit nRM 1 — > oo, as is seen from 
(4.2), I RR m approaches to , ' , a constant. Therefore FCNC processes at the tree level 
should be automatically suppressed for the processes of light quarks. The suppression 
mechanism is similar to the famous GIM-mechanism where FCNC is suppressed by a 

2 2 

typical factor m °~J nu . This is the reason we call the suppression mechanism "GIM-like" 

m w 

mechanism. In fact, the KK mode sum 

'-"-^ / "1 \ 7TJ, O 

Q - ^E>V^ ^~ frl(0m0) T 2(0m0)Y ( A 1 C>\ 

S KK = TlR^—-^[I RR ~I RR J (4.19) 

m=l 

can be performed analytically, though we do not present the result here. When ttRM % 3> 
1, an approximated formula is given as 

Q ~ jfi L-2«MiR ■ „-2*m>r\ tt (M 1 ) 2 -M 1 M 2 + (M 2 ) 2 ^_ 2 , Aflfl _ 2nM 2 R \ 
KK_ 2v + ) 2R M^M\M^-M 2 ) V )' 

(4.20) 

Now we clearly see that there appear exponential suppression factors e _2?rA/ R , e _27rM R . 
For instance, in the case of 9' = 0, Skk — —1-17 x 10~ 5 , which is in very good agreement 
with what we obtain by direct numerical calculation of the KK mode sum. It is quite 
interesting to note that these suppression factors just correspond to the suppression factors 
in the Yukawa couplings and therefore to the squared ratios of small quark masses m q to 
mw, (^ 2_ ) • Thus our suppression mechanism is similar to that of GIM mechanism. 

In the exceptional extreme case of | sin 6' / 1 ~ 1, the bulk mass M 2 happens to be 
relatively small and the suppression mechanism does not work. That is why we get severe 
lower bound on the compactification scale in the extreme cases. 

Finally, it is interesting to note that there seems to be some similarity of our suppres- 
sion mechanism of FCNC with the GIM-like mechanism in the RS warped extra dimension 
model, where the lower bound of the compactification scale obtained from the analysis of 
FCNC is 2 — 30 (TeV) [21]. In the scenario of warped extra dimension, it is claimed that 
the mode functions of KK gauge bosons are approximately flat near the UV (Planck) 
brane, where quarks are localized, and KK gauge boson coupling to fermion is almost 
universal. 

5 Summary 

In this paper, we discussed flavor mixing and resultant flavor changing neutral current 
processes in the SU(3) g) SU(3) co \ OT gauge-Higgs unification scenario. These are caused 
by the violation of global flavor symmetry, "flavor violation". To achieve flavor viola- 
tion in the gauge-Higgs unification is a challenging issue, since the Yukawa couplings 
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are originally given by (higher dimensional) gauge interaction, which is universal, i.e. 
generation- independent. Thus the question of whether the flavor mixing is realized or not 
is crucial for the viability of the scenario. 

We argued that there exists a new source of the flavor violation, i.e. the presence of 
Z2-odd bulk masses, which is a genuine feature of higher dimensional gauge theories with 
orbifold compactification, such as the models of gauge-Higgs unification. It is, however, 
noticed that in the gauge-Higgs unification scenario the bulk masses can be made "diag- 
onal" in the base of generation by a suitable unitary transformation and are not enough 
to achieve flavor mixing, though they succeed in explaining the hierarchical small fermion 
masses in a natural way without fine tuning by the exponential suppression factor due to 
the localization of the mode functions of fermion zero modes. We are thus led to introduce 
brane-localized masses, which are necessary to remove redundant SU(2) quark doublet 
from the zero mode sector anyway in our model. We have explicitly shown in a simplified 
two generation framework that under the presence of brane-localized masses, which can 
be "off-diagonal" in the base of generation, the Yukawa couplings of Higgs field, which 
are originally generation-independent, recover the observed Cabbibo mixing together with 
quark masses. 

As a remarkable feature of the gauge-Higgs unification scenario, we have found that 
not only the presence of the brane-localized masses but also the interplay with the bulk 
masses is essential to get the flavor mixing, i.e. when the flavor violation due to the bulk 
masses goes away, or equivalently in the limit of degenerate bulk masses, flavor mixings 
exactly disappear for arbitrary number of generations. It should be emphasized that this 
is true even though the brane-localized mass parameters can be arbitrary, and that this 
property is the remarkable property of our scenario, not shared by, e.g., the scenario 
of universal extra dimension, where flavor mixing may be realized by ordinary Yukawa 
couplings without the need of bulk masses. 

Having flavor mixings, we discussed the resultant flavor changing neutral current 
(FCNC) processes, which have been playing central roles for the check of viability of new 
physics models. Especially an important question was raised of whether natural flavor 
conservation is realized in the gauge-Higgs unification scenario, i.e. whether FCNC pro- 
cesses are forbidden at the tree level. It has been realized that even though the condition 
proposed by Glashow and Weinberg [14] is satisfied, the new source of flavor violation, 
i.e. non-degenerate bulk masses, leads to non-universal coupling constants of non-zero 
KK modes of gauge bosons with quarks. Such couplings then yield FCNC processes of 
quarks at tree level through flavor mixings due to the exchange of non-zero KK gauge 
bosons. Once again, we can confirm that in the limit of degenerate bulk masses the FCNC 
processes just disappear. 

As a typical example of FCNC processes under the precision tests, we calculated the 
prediction of our model concerning the effective lagrangian for K° — K° mixing due to the 
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non-zero KK gluon exchange at the tree level as the dominant contribution. Although the 
process is caused at the tree level, the obtained result for the mass difference of neutral 
kaon Arrix is finite and is suppressed by the inverse powers of compactification scale 
(the decoupling effects of heavy non-zero KK gluons) and may be handled as far as the 
compactification scale is high enough. 

Identifying the prediction with the room left for the New Physics contribution, i.e. the 
difference between the data and the standard model prediction, we have obtained the lower 
bound of the compactification scale. Since our theory has one unfixed parameter, say 9', 
the lower bound has been obtained as a function of the unknown parameter (see Fig.2). 
We have found that except some extreme cases |sin0'| ~ 1, in the most range of the 
unknown parameter the lower bound is rather mild, say C?(10)TeV, which is considerably 
smaller than we naively expect by assuming Cabibbo mixing. 

We have argued that the reason to get such smaller lower bound on the compactifica- 
tion scale is the presence of "GIM-like" mechanism in GHU scenario. Namely, in GHU 
scenario hierarchical small quark masses are naturally realized by exponential suppres- 
sion factors e~ nRMl (M l : bulk mass). On the other hand, when nRM 1 3> 1, the "width" 
1/ikP of the mode function of localized zero-mode fermion is so small compared with the 
period ~ 2-kR of mode function of KK gauge bosons that the mode functions of KK 
gauge bosons are effectively almost ^/-independent. Thus the situation mimics that in the 
case of zero-mode gauge boson and gauge couplings of KK gauge bosons become almost 
universal and therefore FCNC processes at the tree level is automatically suppressed for 
the processes of light quarks. We have confirmed that the suppression is due to the ex- 
ponential suppression factor e ~ 27riJM \ the same factor as the one to explain small quark 
masses, and the suppression factor is proportional to squared ratio of small quark masses 

2 

to weak scale, — #-. Thus our suppression mechanism of FCNC is similar to the famous 

m w 

2 2 

GIM- mechanism where FCNC is suppressed typically by a factor mc ^ m " . 
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